In mitochondria, the sirtuin SIRT5 is an NAD ؉ -dependent protein deacylase that controls several metabolic pathways. Although a wide range of SIRT5 targets have been identified, the overall function of SIRT5 in organismal metabolic homeostasis remains unclear. Given that SIRT5 expression is highest in the heart and that sirtuins are commonly stress-response proteins, we used an established model of pressure overload-induced heart muscle hypertrophy caused by transverse aortic constriction (TAC) to determine SIRT5's role in cardiac stress responses. Remarkably, SIRT5KO mice had reduced survival upon TAC compared with wild-type mice but exhibited no mortality when undergoing a sham control operation. The increased mortality with TAC was associated with increased pathological hypertrophy and with key abnormalities in both cardiac performance and ventricular compliance. By combining high-resolution MS-based metabolomic and proteomic analyses of cardiac tissues from wild-type and SIRT5KO mice, we found several biochemical abnormalities exacerbated in the SIRT5KO mice, including apparent decreases in fatty acid oxidation and glucose oxidation as well as an overall decrease in mitochondrial NAD ؉ /NADH. Together, these abnormalities suggest that SIRT5 deacylates protein substrates involved in cellular oxidative metabolism to maintain mitochondrial energy production. Overall, the functional and metabolic results presented here suggest an accelerated development of cardiac dysfunction in SIRT5KO mice in response to TAC, explaining increased mortality upon cardiac stress. Our findings reveal a key role for SIRT5 in main-taining cardiac oxidative metabolism under pressure overload to ensure survival.
In mitochondria, the sirtuin SIRT5 is an NAD ؉ -dependent protein deacylase that controls several metabolic pathways. Although a wide range of SIRT5 targets have been identified, the overall function of SIRT5 in organismal metabolic homeostasis remains unclear. Given that SIRT5 expression is highest in the heart and that sirtuins are commonly stress-response proteins, we used an established model of pressure overload-induced heart muscle hypertrophy caused by transverse aortic constriction (TAC) to determine SIRT5's role in cardiac stress responses. Remarkably, SIRT5KO mice had reduced survival upon TAC compared with wild-type mice but exhibited no mortality when undergoing a sham control operation. The increased mortality with TAC was associated with increased pathological hypertrophy and with key abnormalities in both cardiac performance and ventricular compliance. By combining high-resolution MS-based metabolomic and proteomic analyses of cardiac tissues from wild-type and SIRT5KO mice, we found several biochemical abnormalities exacerbated in the SIRT5KO mice, including apparent decreases in fatty acid oxidation and glucose oxidation as well as an overall decrease in mitochondrial NAD ؉ /NADH. Together, these abnormalities suggest that SIRT5 deacylates protein substrates involved in cellular oxidative metabolism to maintain mitochondrial energy production. Overall, the functional and metabolic results presented here suggest an accelerated development of cardiac dysfunction in SIRT5KO mice in response to TAC, explaining increased mortality upon cardiac stress. Our findings reveal a key role for SIRT5 in main-taining cardiac oxidative metabolism under pressure overload to ensure survival. SIRT5 (sirtuin 5) is one of three mitochondrial proteins that belong to the sirtuin family of NAD ϩ -dependent deacylases. Mitochondrial sirtuins (SIRT3-5) control metabolism in physiological and pathophysiological conditions by their deacylation activity (1, 2) . SIRT5 possesses demalonylase (3, 4) , desuccinylase (4), and deglutarylase (5) activity, whereas SIRT3 is primarily a lysine deacetylase (2) , and SIRT4 is a potent lysine deglutarylase, demethylglutarylase, and dehydroxymethylglutarylase (6) . The protein acylation profile in SIRT5KO mice has been characterized by several proteomic studies with the goal of identifying SIRT5 targets (proteins with increased sites of lysine acylation in the SIRT5KO mouse compared with wild-type controls) and the role of SIRT5 in regulating metabolism. For example, analyses of SIRT5KO mouse liver succinyl-proteomic data sets identified many proteins in metabolic pathways enriched with protein lysine succinylation, including enzymes involved in fatty acid oxidation, branched-chain amino acid (BCAA) 4 degradation, and the TCA cycle (7, 8) . Within these pathways, specific targets of SIRT5 include pyruvate dehydrogenase (PDH), succinate dehydrogenase (SDH) (7) , and 3-hydroxy-3-methlyglutaryl-CoA synthase 2 (HMGCS2) (8) , to name a few. SIRT5-mediated desuccinylation has been reported to repress activity of PDH (7) and enhance activity of HMGCS2 (8) . SDH activity has been reported to be both repressed by desuccinylation (8, 9) and enhanced (10) . Aside from these targets, hundreds of sites of lysine succinylation (8) , malonylation (11) , and glutarylation (5) lack functional characterization. Thus, further work needs to be done to fully understand how sirtuins regulate their cellular targets. Studies investigating the precise mechanisms by which SIRT5 regulates metabolism and function are mainly focused on analyzing the consequence of protein acylation and deacylation on identified SIRT5 targets (12, 13) . However, despite the discovery of several SIRT5 substrates in mouse liver tissue, no strong, liverspecific phenotypes in SIRT5KO mice have been found. Indeed, overall phenotypes in mice lacking SIRT5 are generally subtle.
SIRT5 protein and mRNA is highly expressed in mouse and human heart compared with other tissues (11) . The heart is a highly metabolic tissue and relies predominately on oxidative metabolism to produce sufficient ATP for cardiac muscle contraction. Previous studies demonstrated that cardiac hypersuccinylation occurs in the absence of SIRT5 and that enzymes in several metabolic pathways are primarily enriched with succinylation (9, 14) . Despite strong hyperacylation signals, characterization of the SIRT5KO mouse reveals no substantial metabolic phenotypes (15) and only a mild decrement in cardiac function that is apparent in early adulthood (14) . Based on current knowledge, many metabolic enzymes are hyperacylated in the absence of SIRT5, but few physiological consequences of SIRT5 ablation under normal conditions have been found.
Consistent with the notion that sirtuins are stress-response proteins, studies to elucidate the role of SIRT5 in cardiac physiology have revealed that physiological stress is necessary to reveal a phenotype in SIRT5KO mice. For example, the acute stress of cardiac ischemia-reperfusion results in an increased infarct area in mice lacking SIRT5 (9) . Additionally, aging SIRT5KO mice to 39 weeks results in increased cardiac hypertrophy and reduced cardiac function (14) . Increased activity of SDH and decreased activity of hydroxyacyl-CoA dehydrogenase ␣ subunit via increased hypersuccinylation in the SIRT5KO mouse heart were identified as mechanisms contributing to these cardiac phenotypes. Together, these studies demonstrate that SIRT5 regulates cardiac metabolism via its desuccinylase activity. Despite this progress, the overall role of SIRT5 in cardiac metabolism and function requires further study. Thus, we considered interrogating the role of SIRT5 in the heart by using a model of chronic cardiac stress, namely a pressure overloadinduced hypertrophy model.
Pressure overload causes an increase in ventricular wall stress and cardiomyocyte growth (16, 17) that results in maladaptive cardiac hypertrophy (18) . This form of remodeling precedes the development of cardiac dysfunction, which is closely associated with shifts in cardiac metabolism. Classically, these metabolic shifts include both a decrease in the contribution of fatty acid oxidation to ATP production and an increase in the contribution of glycolysis to ATP production. Ultimately, oxidative metabolism decreases and ATP production is not sufficient to meet the energetic demands of the heart, and failure occurs. Given the decline in oxidative metabolism in cardiac hypertrophy and that identified targets of SIRT5 are enzymes in oxidative metabolic pathways, we predicted that SIRT5 might play a role in controlling metabolism during the transition to cardiac dysfunction. Thus, we set out to characterize cardiac metabolism and physiology in whole-body SIRT5KO mice.
Results

Chronic transverse aortic constriction (TAC) results in significantly increased mortality in SIRT5KO mice
TAC is a well-characterized animal model of pressure overload-induced hypertrophy (19) , wherein metabolic shifts away from oxidation occur that are associated with the onset of metabolic dysfunction. SIRT5KO mice and WT controls (10 -12 weeks of age) underwent TAC and were monitored for 16 weeks. In response to TAC, median survival was starkly decreased in SIRT5KO mice compared with WT controls (2.4 versus 10.9 weeks post-TAC; Fig. 1A) . No death was observed in the sham control groups for either genotype (data not shown). These findings suggest that SIRT5KO mice progress to cardiac dysfunction at an accelerated rate upon TAC-induced cardiac stress compared with controls.
Serial echocardiography was used to measure wall thickness (interventricular septum wall thickness ϩ posterior wall thickness) and fractional shortening ((EDD Ϫ ESD)/EDD ϫ 100)) (where EDD represents end-diastolic diameter and ESD is end-systolic diameter) before TAC surgery and 2, 4, 8, 12, and 16 weeks after TAC surgery. Due to the significant, progressive mortality in the SIRT5KO group, it was not possible to perform appropriate statistical analyses of this experiment. However, a trend appeared for greater wall thickness in the SIRT5KO mice at 2 and 4 post-after TAC (Fig. 1B) . No differences were measured in cardiac fractional shortening between the WT and SIRT5KO mice at any time point (Fig.  1C ). Based on these findings, and to overcome the progressive mortality, further examination of cardiac physiology was restricted to the 4-week post-TAC time point in WT and surviving SIRT5KO mice.
Wall thickness and fractional shortening were measured by echocardiogram pre-TAC and 4 weeks post-TAC, and these data were combined with data at the same time points from the initial 16-week study to assess cardiac morphology and function. Concentric hypertrophy was increased in SIRT5KO TAC mice compared with WT TAC mice after 4 weeks of TAC (Fig.  2, A and B) . As expected, wall thickness (including both measurements of interventricular septum wall (IVSW) and posterior wall (PW) thickness) increased with TAC in both genotypes compared with their respective sham controls ( Fig. 2A ). No significant differences in fractional shortening were seen between WT and SIRT5KO mice 4 weeks post-TAC (Fig. 2 , C and D). Further, we found no differences in wall thickness or fractional shortening between the WT and SIRT5KO sham conditions ( Fig. 2 , A-D). Consistent with echocardiographic measurements of concentric hypertrophy, we observed an increase in left ventricle (LV) weight/body weight with TAC in both genotypes compared with their sham controls, indicative of the development of left ventricle cardiac hypertrophy ( Fig.  2E ). Although the LV weight/body weight ratio trended higher in the SIRT5KO TAC group compared with WT TAC group, the difference was not statistically significant. The SIRT5KO TAC group develops primarily concentric hypertrophy, as shown by increased wall thickness and maintained EDD (Fig. 2 , A and C). In contrast, the WT TAC group shows both concentric and eccentric hypertrophy, as evidenced by increased wall SIRT5 is required for survival post-TAC thickness and a trend toward increased EDD (Fig. 2 , A and C). Thus, whereas the LV weight/body weight is not different between genotypes with TAC, it appears that the morphology of hypertrophy is different.
Consistent with these morphological changes, two molecular markers of hypertrophy, namely Anf and Bnp, trended toward increased in both WT and SIRT5KO animals after 4 weeks of TAC ( Fig. 2F ). Additionally, we found markers of cardiac fibrosis (Col3a1 and Col1a1) to be increased in the SIRT5KO TAC compared with SIRT5KO sham mice ( Fig. 2F ). Col1a1 was also higher in the SIRT5KO TAC compared with WT TAC animals. The mechanical stress of TAC activates several primary pathways, including the MAPK pathway and activation of calcineurin (20) . A main effect of hypertrophic signaling is increased phosphorylation of NFAT that leads to its translocation to the nucleus and transcription of hypertrophic genes. We interrogated the expression of Rcan1.4, a target gene of NFAT signaling (21) , and found that expression of this gene trended toward increased in both TAC conditions, with a significant increase in the SIRT5KO TAC compared with sham condition (Fig. 2G ). This finding is consistent with our other findings of exacerbated hypertrophy in SIRT5KO mice with TAC. Together, these observations suggest that development of concentric cardiac hypertrophy is more exaggerated in the SIRT5KO mouse heart in response to TAC with evidence of accelerated heart failure based on survival and expression of hypertrophic markers.
SIRT5KO mice have impaired systolic function 4 weeks post-TAC
To further investigate the functional impact of SIRT5 ablation on the heart, we performed pressure-volume loop analyses after 4 weeks of TAC ( Fig. 3 , A-D). Systolic function worsened in both TAC conditions, as indicated by a decrease in cardiac output and trends of decreased stroke volume and dP/dt max (Table 1 ). With the development of cardiac hypertrophy, ejection fraction was maintained in WT TAC mice and trended toward decreased in SIRT5KO TAC compared with SIRT5KO sham mice (p ϭ 0.07) ( Fig. 3E ). Load-independent measures of contractility, specifically end-systolic pressure-volume relationship linear slope and maximum elastance, showed increases in the SIRT5KO TAC animal compared with their sham controls ( Table 2 ). Increased contractility in the SIRT5KO TAC mouse is consistent with the exaggerated hypertrophy observed in the SIRT5KO TAC mouse. Measures of active relaxation, such as Tau and dP/dt min (Table 1) , and passive relaxation, such as the end-diastolic pressure-volume relationship ( Table 2) , suggest both prolonged active relaxation and elevated ventricular stiffness in SIRT5KO mice. Overall, SIRT5KO mice demonstrate enhanced pathologic concentric hypertrophy in response to pressure overload, with key abnormalities in both cardiac relaxation and performance.
Next, we analyzed signaling pathways that are activated with cardiac hypertrophy to determine whether aberrant signaling may be responsible for the accelerated trajectory of cardiac dysfunction in the SIRT5KO TAC condition. We analyzed activation of mTOR by probing for phosphorylation of 4EBP1 and found a trend of increased phosphorylation of 4EBP1 in both . B, percent change in wall thickness appeared to be increased in the SIRT5KO in the early stages of a 16-week chronic TAC study. C, percent change in fractional shortening decreased in both wild-type and SIRT5KO animals over the course of the study with no apparent genotypic differences. n ϭ 10 for WT TAC, and n ϭ 9 for SIRT5KO TAC at the start of the study. Mice were males and were 10 -12 weeks of age at the start of the study. Error bars, S.E.
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WT and SIRT5KO TAC condition with no differences in genotype (supplemental Fig. 1, A and B) . ␤-Adrenergic receptor signaling is often a secondary signaling response with pressure overload-induced hypertrophy (20) and is dysfunctional in later stages of heart failure (22) . During activation of ␤-adrenergic receptor signaling, autophosphorylation of CaMKII occurs at Thr-286 (23) . We examined phosphorylation of CaMKII and found that there was an increase in phosphorylation of CaMKII in the SIRT5KO TAC compared with sham condition (supplemental Fig. 1 , C and D). Whereas we observed high variability in the WT TAC condition, we found a trend of increased CaMKII phosphorylation. Additionally, we looked at the mRNA ex-pression of ␤-adrenergic receptor 1 (Adbr1) and ␤-adrenergic receptor 2 (Adbr2) because down-regulation of ␤-adrenergic receptors occurs with heart failure (24) . We found a decrease in Adbr1 in the SIRT5KO TAC compared with sham condition and a trend of decreased Adbr1 in the WT TAC compared with sham condition (supplemental Fig. 1E ). These findings are consistent with dysfunctional ␤-adrenergic receptor signaling in the WT and SIRT5KO TAC conditions. However, we found no marked differences between the WT and SIRT5KO TAC condition.
Decreased cardiac energy production is a common feature that coincides with developing cardiac dysfunction. To deter- 
mine whether SIRT5KO mice had altered cardiac energetics in response to TAC, we measured cardiac efficiency from the hemodynamic data using pressure-volume area (PVA) analysis ( Fig. 3 , F and G). PVA is the sum of energy generated for mechanical work (stroke work) and energy that is generated but not used (potential work), whereas cardiac efficiency is defined as the ratio of stroke work to pressure-volume area (stroke work ϩ potential work). PVA in the SIRT5KO heart trended lower compared with the WT heart in both sham and TAC conditions ( Fig. 3F) , which was driven mainly by slightly lower stroke work in the SIRT5KO hearts compared with WT hearts (Table 1) . We observed no differences in potential work across all four conditions. Although we found no significant differences in car-diac efficiency (Fig. 3G ), a subset of animals in the SIRT5KO TAC group appeared to have decreased cardiac efficiency compared with the other conditions tested ( Fig. 3G ), consistent with the idea that cardiac dysfunction develops at an accelerated rate in SIRT5KO mice. Together, these data show that after 4 weeks of TAC, both WT and SIRT5KO maintain energy generation compared with their sham controls. Overall, the SIRT5KO mice have a trend of decreased energy production compared with the WT mice. These data suggest that despite decrements in systolic and diastolic function, both WT and surviving SIRT5KO mice have compensatory metabolic pathways for energy generation to maintain cardiac efficiency. . Red trace, end-systolic pressure-volume relationship (ESPVR); green trace, end-diastolic pressure-volume relationship (EDPVR). E, ejection fraction. F, pressure-volume area analysis. G, cardiac efficiency (stroke work/pressure-volume area). n ϭ 6 for WT sham, n ϭ 9 for SIRT5KO sham, n ϭ 7 for WT TAC, and n ϭ 11 for SIRT5KO TAC. Shown are the combined results from four independent experiments. Mice were males and were 12-21 weeks of age at the end of the study. Two-way ANOVA with multiple comparisons, Bonferroni correction, was performed. *, p Յ 0.05; effect of TAC if no significance in multiple-comparison tests. ϩ, p Յ 0.05. Error bars, S.E.
Table 1 Baseline hemodynamic parameters
Statistical comparisons were made using a two-way ANOVA with Bonferroni correction for multiple comparisons. Date are presented as mean Ϯ S.E. *, p Ͻ 0.1 versus sham of same genotype; **, p Ͻ 0.05 versus sham of the same genotype. LVESP, left ventricle end systolic pressure; LVEDP, left ventricle end diastolic pressure. 
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To determine whether WT and SIRT5KO mice have similar metabolic compensatory mechanisms in response to TAC-induced cardiac stress, we combined proteomic and metabolomic high-resolution mass spectrometry profiling in whole-tissue cardiac lysates. Because SIRT5 is a potent demalonylase, desuccinylase, and deglutarylase, we first measured the corresponding post-translational modifications by Western blotting (Fig.  4 , A-E). We found that lysine succinylation was significantly elevated across a wide range of proteins in whole-tissue lysates of SIRT5KO hearts under basal conditions ( Fig. 4A ). Other acyl-lysine modifications regulated by SIRT5 had a small (malonylation; Fig. 4B ) or no (glutarylation; Fig. 4C ) increase on proteins in SIRT5KO hearts under basal conditions, indicating that succinylation is the primary modification regulated by SIRT5 in the heart. Consistent with SIRT5 having weak deacetylase activity, we found no changes in protein acetylation in the SIRT5KO heart ( Fig. 4D ).
Metabolic stressors can lead to changes in protein acylation. For example, increases in lysine acetylation have been observed in both mouse models of heart failure (25, 26) and in human patients in end-stage heart failure (27) . Therefore, we profiled changes in cardiac protein acylation in WT and SIRT5KO mice in sham and TAC conditions. We observed that TAC in WT mice leads to a slight reduction in global protein succinylation in whole-tissue lysates (Fig. 4 , F and G). Like WT mice, TAC in SIRT5KO mice also leads to a reduction in global protein succinylation ( Fig. 4 , F and G), suggesting that shifts in succinyl-CoA metabolism, and therefore succinylation, are occurring in both WT and SIRT5KO mice under TAC-induced cardiac stress. Western blot profiling showed no changes in malonylation, glutarylation, or acetylation with TAC (Western blot image quantification summarized in Fig. 4G ; images not shown).
Because succinylation was the primary modification regulated by SIRT5 in the heart and because basal conditions captured the largest breadth of protein succinylation, we performed succinyl-proteomics using label-free quantitative mass spectrometry of WT and SIRT5KO whole-heart tissue. Cardiac tissue was homogenized and digested, and peptides containing succinyl-lysine modifications were enriched using an anti-succinyl-lysine affinity matrix. Liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) was used to identify specific sites of lysine succinylation across the cardiac proteome and then normalized to protein abundance (please see supplemental Table 1 for list of all succinylated peptides). Overall, we identified 1448 unique proteins containing one or more sites of lysine succinylation (Fig. 4H ). In total, 6124 unique peptides were identified, with the majority (93.8%) of peptides containing a single succinylated lysine. Most peptides identified displayed an increase in lysine succinylation upon SIRT5 ablation ( Fig. 4I ). We defined potential SIRT5 targets as sites of lysine succinylation that increased at least 2-fold with a p value of Յ0.05 ( Fig. 4I , orange dots). Using this criterion, we identified 2,457 peptides that mapped to 766 unique proteins. Comparing the number of SIRT5 targets identified in our SIRT5KO cardiac succinyl-proteomics study with previously published similar studies (9, 14) , we find that we have greatly increased the number of identified sites of lysine succinylation with the potential to be regulated by SIRT5 ( Fig. 4J ). Next, we used Ingenuity Pathway Analysis (IPA) to determine pathways that were enriched in proteins containing lysine succinylation. The top pathways with succinylated proteins were primarily involved in oxidative metabolism, including oxidative phosphorylation, TCA cycle, BCAA degradation, and fatty acid ␤-oxidation (Fig.  4K ). The proteins identified in these pathways tended to have increased succinylation in the SIRT5KO compared with WT heart. Whereas some instances of pathways with overall decreased succinylation were observed in the SIRT5KO heart, these pathways tended to represent minor or questionable metabolic pathways in the heart, such as gluconeogenesis (28) . We again compared the results of the pathway analysis from our data set with the results of pathway analyses from previously published data sets (9, 14) (Fig. 4L) . The three pathways that were common to all succinyl-proteomic data sets were oxidative phosphorylation, TCA cycle, and fatty acid metabolism/ Shown are parameters of LV compliance (linear and quadratic derived end-diastolic pressure-volume relationship) and LV contractility (linear and quadratic derived end-systolic pressure-volume relationship, preload recruitable stroke work, dP/dt max versus end-diastolic volume, and E max ). Data are represented as mean Ϯ S.E.; statistical comparisons made with a two-way ANOVA with Bonferroni's multiple-comparison test. *, p Յ 0.1 versus sham of the same genotype; **, p Յ 0.05 versus sham of the same genotype. EDPVR, end-diastolic pressure-volume relationship; ESPVR, end-systolic pressure-volume relationship; EDV, end-diastolic volume; a, coefficient of curvilinearity; V o , volume intercept; EЈ max , maximum slope of quadratic end-systolic pressure-volume relationship; PRSW, preload recruitable stroke work; E max , maximal elastance. 
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oxidation. We found additional overlap between pathways enriched for succinylation in our data set and the data set generated by Boylston et al. (9) , which included BCAA degradation, glutaryl-CoA degradation, and ketogenesis. Together, these data confirm that sites of increased lysine succinylation in SIRT5KO mouse hearts occur on proteins involved in major oxidative metabolic pathways.
Oxidative metabolism is impaired in the SIRT5KO mouse 4 weeks post-TAC
Because pathways with a high number of proteins can be overrepresented in pathway analyses and artificially enhance p values, we integrated the proteomics with unbiased metabolomic profiling in an effort to identify the primary metabolic lesions in SIRT5KO mouse hearts. Metabolite data collected from high-resolution mass spectrometry were uploaded to MetaboAnalyst version 3.0 (29, 30) and analyzed for relevant groups of metabolites that were changing across conditions and genotypes. This analysis revealed that multiple acyl-carnitines were decreased in the SIRT5KO TAC compared with SIRT5KO sham heart (Fig. 5A ), whereas few metabolites changed Ͼ2-fold when comparing SIRT5KO sham versus WT sham, SIRT5KO
TAC versus WT TAC, and WT TAC versus WT sham (data not shown). Therefore, we extracted and analyzed the acyl-carnitine data and found that overall, these lipid metabolites were decreased after TAC in the SIRT5KO heart compared with the sham condition ( Fig. 5B) . Although acyl-carnitines trended toward decreased in the WT TAC compared with WT sham heart, the differences were not significant. Furthermore, we found that long-chain fatty acids (palmitate and stearate) accumulated in both TAC conditions (Fig. 5C ). However, the metabolites of the oxidation of these long-chain fatty acids (C10:0, C12:0, and C14:0) are increased in the WT TAC condition yet decreased in the SIRT5KO TAC condition compared with WT sham. Together, this metabolic signature suggests that long-chain fatty acids are not metabolized to the same extent in the SIRT5KO TAC compared with the WT TAC condition and further suggest that fatty acid oxidation could be impaired in SIRT5KO TAC hearts.
To further interrogate these findings, we examined known mechanisms that regulate fatty acid oxidation. First, we performed RT-qPCR on key genes involved in fatty acid oxidation to determine whether decreased acyl-carnitines in the SIRT5KO heart could be due to differences in transcriptional regulation of the 
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fatty acid oxidation machinery. Indeed, reduced expression (two-way ANOVA, p Յ 0.05; variation due to TAC) of Acadm and of Pppara in TAC hearts compared with sham hearts is consistent with reduced fatty acid oxidation in early stages of cardiac hypertrophy (Fig. 5D) (31, 32) . However, we found no significant differences between genotypes, suggesting that the significant decrease of acyl-carnitines observed in the SIRT5KO TAC heart compared with the SIRT5KO sham heart was not due to differences in transcriptional regulation. In contrast, consistent with other sirtuin knock-out models, several enzymes in the fatty acid oxidation pathway were hyperacylated (Fig. 5E ). Thus, fatty acid oxidation might be impaired in this model due to changes in protein acylation of the oxidation machinery directly. However, analyses of the metabolomic data sets revealed additional biochemical abnormalities in the SIRT5KO TAC heart compared with the SIRT5KO sham heart.
Because glucose is the other main fuel metabolized by the heart, we inspected shifts in metabolites of glucose oxidation in the WT and SIRT5KO hearts. We found a trend toward increased glycolytic metabolites ( Fig. 6A ) and pentose phos-phate pathway metabolites ( Fig. 6B ), suggesting an increase in glycolysis and pentose phosphate pathway flux. Importantly, the metabolic shifts observed here are consistent with several models of cardiac hypertrophy (28) .
Next, we sought to determine whether a signature of elevated glucose metabolism corresponded with an increase in TCA cycle metabolites, as would be expected for complete glucose oxidation. However, TCA cycle metabolites downstream of pyruvate were generally reduced in response to TAC (Fig. 6C ) and malate was further decreased in the SIRT5KO hearts; together, the directionality of these metabolic shifts suggests that glucose-derived carbon is not entering the TCA cycle and further suggests a mismatch between TCA cycle anaplerosis and cataplerosis. To further characterize regulation of carbon entry into the TCA cycle, we examined the phosphorylation of PDH because this is a primary control mechanism for pyruvate entry into the TCA cycle. Phosphorylation of PDH at Ser-293 was increased in the SIRT5KO TAC heart compared with the SIRT5KO sham condition (Fig. 6, D and E) , a mark indicative of uncoupled glycolysis from glucose oxidation (33) via less PDH SIRT5 is required for survival post-TAC activity (34) . Supporting these findings, the lactate/pyruvate ratio in the SIRT5KO TAC heart compared with the SIRT5KO sham heart was elevated ( Fig. 6F ), suggesting that glucose carbon is shunted from elevated glycolysis into lactate and not pyruvate.
We again interrogated known mechanisms of glycolytic and TCA cycle control. RT-qPCR of key genes involved in glucose metabolism showed that Glut1 (the main glucose transporter in the hypertrophic heart) is modestly increased in the SIRT5KO TAC heart compared with the SIRT5KO sham condition (Fig.  6G) ; however, differences in transcription were subtle. Interestingly, succinyl-proteomics indicated that few enzymes in glycolysis were hypersuccinylated (Fig. 6H) , whereas, like other oxidative pathways, enzymes in the TCA cycle were hypersuccinylated in the SIRT5KO heart (Fig. 6I) . Most of the glycolytic enzymes identified had an average log 2 -fold change less than zero, which indicated overall hyposuccinylation of glycolytic proteins in SIRT5KO hearts compared with WT. Together, these data support the overall notion that hypersuccinylation occurs primarily on enzymes in mitochondrial oxidative pathways. Overall, our findings demonstrate that although flux through glycolysis appears elevated in both WT and SIRT5KO TAC hearts, complete glucose oxidation is reduced and TCA cycle carbon is lower in the SIRT5KO TAC heart.
Given that both decreases in fatty acid oxidation and TCA cycle metabolism are observed in SIRT5KO TAC hearts, we hypothesized that overall mitochondrial oxidative metabolism might be impaired. To assess the mitochondrial redox state in WT and SIRT5KO TAC hearts, we extracted the ␤-hydroxybutyrate/acetoacetate ratio from the metabolomic data set, because it is a reliable indicator of the mitochondrial NAD ϩ / NADH ratio (35) . The SIRT5KO TAC mice have a strong trend of decreased ␤-hydroxybutyrate/acetoacetate ratio (BOHB/ Acac) (p ϭ 0.110) (Fig. 7A) , indicative of increased mitochondrial NADH. Increased NADH could be due to lower NADH oxidation and OXPHOS activity. To assess the status of OXPHOS in the WT and SIRT5KO hearts, we first measured representative OXPHOS complex subunits by Western blotting and observed equal amounts of mitochondrial protein content between the WT and SIRT5KO hearts ( Fig. 7B ), suggesting that complex formation is normal. This is consistent with previously published findings in SIRT5KO livers (10) .
Interestingly, the SIRT5KO hearts appear to be in an energetically stressed state, as shown by AMPK phosphorylation (supplemental Fig. 2 ). Therefore, we propose a model where that electron flow through OXPHOS is impaired in the absence of SIRT5. Consistent with hypersuccinylation of other metabolic pathways, we found that many protein subunits of OXPHOS contained multiple sites of lysine succinylation, with many having at least one site of succinylation with a -fold change of Ͼ20 in SIRT5KO hearts compared with WT ( Fig.  7C) . Further supporting this model, impairments in OXPHOS could explain a lower NAD ϩ /NADH; given the energetic observations and metabolite profiles, we conclude that mitochondrial dehydrogenase activity is not responsible for the reductive mitochondrial environment.
Overall, our data reveal metabolic abnormalities in fatty acid oxidation and TCA cycle function, which are coincident with protein hyperacylation in SIRT5KO hearts under chronic stress (Fig. 7D) . These metabolic and biochemical deficiencies probably lead to an energetic crisis in the heart, which could explain the increased mortality in SIRT5KO mice with pressure overload.
Discussion
The overall goal of this study was to define the major role of SIRT5 in cardiac metabolism by exposing whole-body SIRT5KO mice to the cardiac stress of chronic pressure overload and the subsequent cardiac hypertrophic response. Taken together, our data support a model where SIRT5 is required to maintain oxidative metabolism under chronic pressure overload; we discovered that ablation of SIRT5 results in significantly decreased survival upon TAC. Our data further demonstrate that reduced survival is due to accelerated progression of cardiac dysfunction, as evidenced by more pronounced cardiac systolic and diastolic dysfunction and metabolic remodeling in the SIRT5KO mice that is consistent with a trajectory of cardiac dysfunction. The mechanistic basis for these functional deficits could be explained by two discrete but non-mutually exclusive models.
First, our data, consistent with historical data, show that hypersuccinylation occurs on key enzymes in oxidative pathways. As such, hyperacylation could inhibit metabolic pathways that are required for energy generation under cardiac stress. Widespread hyperacylation across several enzymes and metabolic pathways could coordinately alter cardiac energy generation, thereby accelerating maladaptive alterations in response to pressure overload-induced hypertrophy and ultimately heart failure. Supporting this model, we investigated the proteomic profile of oxidative pathways, including fatty acid oxidation ( Fig. 5 ), the TCA cycle (Fig. 6 ), and OXPHOS (Fig. 7) , and found that proteins in these pathways had multiple sites of lysine succinylation. Some previous examples show that hypersuccinylation increases enzyme activity (7, 9) , whereas other studies show that lysine acylation more often decreases enzyme activity (36) and impairs flux through metabolic pathways; together, hyperacylation could reroute carbon metabolism away from an oxidative, energy-producing state. Thus, in this model, multiple succinylation events across multiple proteins contribute to the metabolic and cardiac phenotypes.
Alternatively, our data also support a new model, in which a primary defect in OXPHOS in the SIRT5KO mouse heart leads to an elevation in mitochondrial NADH (reduced form). This proximal metabolic lesion in OXPHOS, probably by hypersuccinylation of multiple enzymes in OXPHOS and impaired electron flow through this pathway, coordinately alters mitochondrial oxidative metabolism (Fig. 7D ). Supporting this model, SIRT5 was recently described to regulate oxidative phosphorylation via its desuccinylase activity in liver (10) , which identified the electron transport chain as the top pathway targeted by SIRT5 and further found that complex II and ATP synthase activities were significantly decreased in mitochondria isolated from SIRT5KO mouse liver.
If these studies hold true in SIRT5KO hearts, impairment of OXPHOS in the SIRT5KO TAC heart could explain observations of metabolic derangements that occurred upstream of SIRT5 is required for survival post-TAC OXPHOS in this model. Specifically, a lower NAD ϩ /NADH ratio (elevated NADH) activates pyruvate dehydrogenase kinase, which increases phosphorylation of PDH and inhibits its activity (Fig. 6, D and E) . Inhibition of PDH will lead to an increase in lactate formation (Fig. 6F ) and a concomitant decrease in the TCA cycle carbon in the SIRT5KO TAC mouse. Furthermore, because the rate of fatty acid oxidation is dependent on the rate of supply of TCA carbon (37) , this model could also explain the decrease in fatty acid oxidation observed in the SIRT5KO TAC condition (Fig. 5, B and C) . Although NAD ϩ / NADH is decreased in the SIRT5KO TAC heart and may impact the activity of other mitochondrial sirtuins, acetylation does not increase in the SIRT5KO TAC condition (Fig. 4G ), suggesting that SIRT3 activity may not be affected. However, the accumulation of metabolic intermediates (i.e. acetyl-CoA or succinyl-CoA) is known to drive protein lysine acylation (27, 38) , and acetyl-CoA trends toward decreased in the SIRT5KO TAC compared with WT TAC condition (Fig. 6C) . This is consistent with decreased PDH activity ( Fig. 6D) and may explain the absence of increased acetylation even if SIRT3 is inactive.
Overall, this alternative model posits that a primary node of impaired oxidative metabolism could occur at OXPHOS, which ultimately causes an energetic crisis and explains the decreased survival in SIRT5KO mice with chronic pressure overload. Further supporting this concept, inborn errors of metabolism that affect the respiratory chain often cause decreased mitochondrial NAD ϩ /NADH and increased glycolytic flux, which results in an increased lactate/pyruvate ratio and a clinical presentation of hypertrophic cardiomyopathy (39) . However, given the multifaceted roles of NAD ϩ (40), a major challenge moving forward will be to disentangle these two competing models and the contribution of lysine acylation/ sirtuin activity and mitochondrial redox state to alterations in metabolism (41) .
Regardless of the model, we would expect an accelerated trajectory of cardiac dysfunction in the setting of impaired oxidative metabolism, which often precedes overt heart failure (33) . Shifts in metabolism are well characterized in models of pressure overload-induced cardiac hypertrophy. Under normal conditions, most ATP (70 -90%) produced in the heart is from the oxidation of fatty acids (28) . However, with development of hypertrophy, the contribution of fatty acids to cardiac ATP is decreased, whereas increased rates of glycolysis contribute more ATP than non-hypertrophied hearts (42, 43) . Eventually, Figure 7 . Oxidative phosphorylation may be a primary lesion of impaired oxidative metabolism. A, ratio of ␤-hydroxybutyrate to acetoacetate normalized to WT sham (box plots). n ϭ 3 for WT sham, n ϭ 5 for SIRT5KO sham, n ϭ 4 for WT TAC, and n ϭ 7 for SIRT5KO TAC. Mice were males and were 18 -19 weeks of age at the end of the study. Two-way ANOVA with multiple comparisons, Bonferroni correction, was performed. B, Western blot of OXPHOS mixture antibody in WT and SIRT5KO heart tissue. C, -fold change of all succinylated peptides identified on enzymes in oxidative phosphorylation. The horizontal maroon bar represents the mean -fold change of all peptides identified on a single protein. n ϭ 3 for wild type, and n ϭ 3 for SIRT5KO. Mice were males and were 11 weeks of age. D, working model. Cardiac hypertrophy is accompanied by shifts in metabolism, including increased glycolysis and decreased fatty acid oxidation, that ultimately fail to meet the energetic requirements of the heart (left). In the SIRT5KO heart (right), the conical shifts in metabolism are observed with hypertrophy; however, there is an earlier reduction in oxidative metabolism. Succinylation of oxidative pathways may contribute to this phenotype. We suggest that impairment of OXPHOS leads to inhibition of glucose oxidation via phosphorylation of PDH and subsequent decreases in the TCA cycle and fatty acid oxidation. Both pathways appear to be more decreased in the SIRT5KO hypertrophic heart compared with WT hypertrophic heart. This ultimately results in an energetic stress that leads to early death in the SIRT5KO mouse after TAC. Error bars, S.E.
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the metabolic adaptations are not sufficient to maintain cardiac energetics as oxidative metabolism continues to decline and cardiac dysfunction progresses. Consistent with previous observations, both WT and SIRT5KO hearts showed expected shifts in metabolism with TAC (increased glycolysis and decreased fatty acid oxidation), with evidence of accelerated defects in oxidative metabolism uniquely in the SIRT5KO TAC condition (Figs. 5-7) . Importantly, uncoupling of glycolysis from glucose oxidation, as observed in the SIRT5KO TAC animals, can cause decreased cardiac efficiency and is detrimental to heart function (33) .
The most salient finding presented here is that upon chronic TAC-induced cardiac stress, SIRT5KO mice have significantly reduced survival compared with WT mice (Fig. 1A) . After 4 weeks of TAC, SIRT5KO hearts had increased hypertrophy compared with WT hearts and had greater impairment of systolic function compared with WT mouse hearts (Tables 1 and 2 and Fig. 3 ). The apparent discordance between the observed subtle functional defects and significant mortality may be explained by survivor (or survivorship) bias (44) . Over half of the SIRT5KO TAC mice had already died at the 4-week post-TAC time point, making the surviving group of animals more homogeneous and the cause of future mortality more difficult to predict (45) . Characterizing cardiac function at multiple early time points after the TAC procedure and/or stratifying mice based on cardiac function may be required to detect a marked defect in cardiac function in the SIRT5KO mice. Finally, it is possible that the phenotypes described here are due to cell-non-autonomous roles of SIRT5 (i.e. cells or tissues beyond the cardiomyocyte). Indeed, a role for SIRT3 in preventing fibrosis by activity in fibroblasts has been described recently (46) . A tissue-specific SIRT5KO mouse model will be required to determine the cardiomyocyte-intrinsic roles of SIRT5.
Together, our results suggest a model in which the SIRT5KO mouse has accelerated development of pressure overloadinduced cardiomyopathy (Fig. 7D ). We predict that hypersuccinylation of oxidative pathways, especially OXPHOS, reduces energy production in SIRT5KO mouse hearts under TAC. However, survivor bias makes it difficult to uncover the molecular cause of mortality. More frequent monitoring of cardiac function may be required to more accurately define the mechanistic step(s) preceding mortality. Overall, this study points to an accelerated cardiac dysfunction in the SIRT5KO TAC animals as an explanation for the increased mortality observed with chronic TAC. Future studies on SIRT5 will identify how succinylation of mitochondrial proteins influences energy homeostasis in response to cardiac stress.
Experimental procedures
Animals SIRT5KO mice were obtained from Jackson Laboratory (Bar Harbor, ME) (stock number 012757) and backcrossed for 10 generations onto a C57BL/6J background obtained from Jackson Laboratory (stock number 000664). Mice backcrossed for 7-10 generations were used in these studies and had a mixed NNT background. Mice were group-housed on a 12-h light/ dark cycle with free access to water and PicoLab Rodent Diet 20 (LabDiet (St. Louis, MO) catalog no. 5053). Age, sex, genotype, and number of animals used per study are provided in the appropriate figure legends. All in vivo procedures were performed on healthy animals in accordance with the Duke institutional animal care and use program.
Western blotting
Commercial antibodies were used as follows: anti-PDH E1␣1 subunit from Cell Signaling (3205S), anti-phospho-PDH from Calbiochem (AP1062), anti-succinyl-lysine from PTM (catalog no. 401), anti-malonyl-lysine from Cell Signaling (catalog no. 14942), anti-acetyl-lysine from Cell Signaling (catalog no. 9441), anti-glutaryl-lysine from Cell Signaling (generous gift), anti-acetyl-CoA carboxylase from Cell Signaling (catalog no. 3662), anti-phospho-acetyl-CoA carboxylase (Ser-79) from Cell Signaling (catalog no. 3661), anti-AMPK␣ from Cell Signaling (catalog no. 2603), anti-phospho-AMPK␣ (Thr-172) from Cell Signaling (catalog no. 2535), anti-total OXPHOS mixture from MitoSciences (ab110413), anti-4EBP1 from Cell Signaling (9644S), anti-phospho-4EBP1 from Cell Signaling (2855S), anti-CaMKII-␣ from Cell Signaling (D10C11), and anti-phospho-CaMKII-␣ from Cell Signaling (D21E4). Anti-SIRT5 was provided as a generous gift from Leonard Guarente. Whole-cell protein extracts were resolved by SDS-PAGE using stain-free Bio-Rad gels and transferred to nitrocellulose membranes using Bio-Rad's Trans-Blot Turbo. Total protein was quantified with the GelDoc using stain-free technology. The membranes were blocked in 5% milk in TBS-T (TBS containing 0.1% Tween 20) for 1 h at room temperature and probed with primary antibodies in TBS-T. For anti-acyl-lysine blots, 3% BSA was added to the primary antibody solution. After incubation with infrared dye-conjugated antibodies, the blots were developed using the LI-COR Odyssey Infrared Imaging System.
RT-qPCR
RNA was extracted from tissues using the RNeasy minikit from Qiagen (catalog no. 74106). cDNA was made from 750 ng of RNA using the iScript cDNA synthesis kit from Bio-Rad (catalog no. 170-8890). Amplification was performed using iTaq Universal SYBR Green Supermix from BioRAD (catalog no. 1725121) on the QuantStudio 6 Flex (ThermoFisher Scientific). 36B4 was used as a reference gene, and relative expression was calculated using the ⌬⌬C t method.
Generation of pressure overload and serial echocardiography
Pressure overload in mice was induced using methods described previously (19) , except that the suture was placed between the left carotid and the left axillary arteries. Serial echocardiography was performed on conscious mice from all groups with a Vevo 2100 high-resolution imaging system (VisualSonics) as described previously. Mice underwent either a sham or pressure overload procedure in a non-randomized fashion.
PV loop analysis
In vivo pressure-volume analysis was performed as described previously (47) . Briefly, after bilateral vagotomy, the chest was SIRT5 is required for survival post-TAC opened, and the pericardium was dissected to expose the heart. A 7-0-suture ligature was placed around the transverse aorta to manipulate loading conditions. A 1.4-Fr pressure-conductance catheter (Millar Instruments, Houston, TX) was inserted retroaortically into the LV to record hemodynamics. Baseline hemodynamic parameters were obtained once the catheter recordings had achieved steady state, usually 3-5 min after conductance catheter placement. Load-independent parameters were established by generating a series of PV loops with decreasing preload through transient constriction of the inferior vena cava. Subsequently, parallel conductance was determined by a 10-l injection of 15% saline into the right jugular vein to establish the parallel conductance of the blood pool. The derived parallel conductance was used to correct the PV loop data. Data were recorded digitally at 1000 Hz and analyzed with pressure-volume analysis software (PVAN data analysis software version 3.3, Millar Instruments) as described previously (47) . Mice that died after receiving anesthesia or became hypotensive during the protocol, suggesting a surgical complication, were excluded. Pressure overload mice with a pressure gradient of Ͻ20 mm Hg were excluded from the study.
Metabolite extraction
10 -20 mg of frozen crushed heart tissue was weighed in an Eppendorf tube, and 200 l of ice-cold 80% methanol was added. A glass bead was added and was homogenized using the TissueLyzer for 2 min at 30 Hz. 300 l of ice-cold 80% methanol was added, vortexed, and incubated on ice for 10 min. Tissue extract was centrifuged at 20,000 ϫ g at 4°C for 10 min. Supernatant containing 2 mg of tissue was transferred to a new Eppendorf tube and dried in a vacuum concentrator at room temperature. The dry pellets were reconstituted into 30 l (per 2 mg of tissue) of sample solvent (water/methanol/acetonitrile, 2:1:1, v/v/v), and 3 l was further analyzed by liquid LC-MS.
LC-MS method
An Ultimate 3000 UHPLC (Dionex) was coupled to a Q Exactive Plus-mass spectrometer (QE-MS, Thermo Scientific) for metabolite profiling. A hydrophilic interaction chromatography method employing an Xbridge amide column (100 ϫ 2.1 mm inner diameter, 3.5 m; Waters) was used for polar metabolite separation. The detailed LC method was described previously (48) except that mobile phase A was replaced with water containing 5 mM ammonium acetate (pH 6.8). The QE-MS is equipped with a HESI probe with related parameters set as follows: heater temperature, 120°C; sheath gas, 30; auxiliary gas, 10; sweep gas, 3; spray voltage, 3.0 kV for the positive mode and 2.5 kV for the negative mode; capillary temperature, 320°C; S-lens, 55; scan range (m/z), 70 -900 for positive mode (1.31-12.5 min) and negative mode (1.31-6.6 min) and 100 -1000 for negative mode (6.61-12.5 min); resolution, 70,000; automated gain control, 3 ϫ 10 6 ions. Customized mass calibration was performed before data acquisition.
Metabolomics data analysis
LC-MS peak extraction and integration were performed using commercially available software, Sieve version 2.2 (Thermo Scientific). The peak area was used to represent the relative abundance of each metabolite in different samples. The missing values were handled as described in a previous study (48) . Data were uploaded to Metaboanalyst for further downstream analysis (29, 30) .
Proteomics sample preparation
Samples were analyzed using the PTMScan method as described previously (49, 50) . Cellular extracts were prepared in urea lysis buffer, sonicated, centrifuged, reduced with DTT, and alkylated with iodoacetamide. 15 mg of total protein for each sample was digested with trypsin and purified over C18 columns for enrichment with the succinyl-lysine motif antibody (catalog no. 13764). Enriched peptides were purified over C18 STAGE tips (51) . Enriched peptides were subjected to secondary digest with trypsin and second STAGE tip before LC-MS/MS analysis.
LC-MS/MS method
Replicate injections of each sample were run non-sequentially for each enrichment. Peptides were eluted using a 120min linear gradient of acetonitrile in 0.125% formic acid delivered at 280 nl/min. Tandem mass spectra were collected in a data-dependent manner with an LTQ Orbitrap VELOS mass spectrometer running XCalibur version 2.0.7 SP1 using a top 20 MS/MS method, a dynamic repeat count of one, and a repeat duration of 30 s. Real-time recalibration of mass error was performed using lock mass (52) with a singly charged polysiloxane ion m/z ϭ 371.101237.
Proteomics data analysis
MS/MS spectra were evaluated using SEQUEST and the Core platform from Harvard University (53) (54) (55) . Files were searched against the NCBI Mus musculus FASTA database updated on April 29, 2015. A mass accuracy of Ϯ5 ppm was used for precursor ions and 1.0 Da for product ions. Enzyme specificity was limited to trypsin, with at least one LysC or tryptic (Lys-or Arg-containing) terminus required per peptide and up to four miscleavages allowed. Cysteine carboxamidomethylation was specified as a static modification, and oxidation of methionine and succinylation on lysine residues were allowed as variable modifications. Reverse decoy databases were included for all searches to estimate false discovery rates and filtered using a 5% false discovery rate in the linear discriminant module of Core. Peptides were also manually filtered using a Ϯ5-ppm mass error range and reagent-specific criteria. Results were filtered to include only peptides containing at least one succinyl-lysine residue. All quantitative results were generated using Progenesis version 4.1 (Waters Corp.) to extract the integrated peak area of the corresponding peptide assignments. Accuracy of quantitative data was ensured by manual review in Progenesis or in the ion chromatogram files.
Statistical analysis
Statistical analysis for all studies was performed using Prism version 6. Grubb's test was used to determine outliers. Outliers were removed from data. For studies with four conditions, a two-way ANOVA with multiple comparisons was performed. Bonferroni correction was used to correct for multiple compar-SIRT5 is required for survival post-TAC
